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A study of the optical properties of metal-doped polyoxotitanium cages and the relationship to metal-doped titania † To what extent the presence of transition metal ions can affect the optical properties of structurally welldefined, metal-doped polyoxotitanium (POT) cages is a key question in respect to how closely these species model technologically important metal-doped TiO 2 . This also has direct implications to the potential applications of these organically-soluble inorganic cages as photocatalytic redox systems in chemical transformations. Measurement of the band gaps of the series of closely related polyoxotitanium cages [MnTi 14 (OEt) 28 (OEt) 28 O 15 (OH)] (3), containing interstitial Mn(II), Fe(II) and Ga(III) dopant ions, shows that transition metal doping alone does not lower the band gaps below that of TiO 2 or the corresponding metal-doped TiO 2 . Instead, the band gaps of these cages are within the range of values found previously for transition metal-doped TiO 2 nanoparticles. The low band gaps previously reported for 1 and for a recently reported related Mn-doped POT cage appear to be the result of low band gap impurities (most likely amorphous Mn-doped TiO 2 ).
Introduction
Titania, TiO 2 , is a technologically important, environmentally benign semiconductor which has drawn much attention over the past decades due to its long-term chemical stability and numerous applications in photocatalytic, photovoltaic and sensing devices. 1 However, owing to its high band gap (ca. 3.20 eV) only the ultraviolet region of the solar light (<5% of solar flux on Earth) can be harnessed in photoexcitation processes. Doping of foreign non-metals 2 or metals 3 into TiO 2 has been shown to have a dramatic effect on extending the absorption into the visible region. 4 Previous studies have shown that the properties of metal-doped titania depend substantially on both the metal ion incorporated, its concentration and the structure and binding mode of the dopant metal ions within the host lattice. Numerous density function theory (DFT) calculations have investigated the structural and electronic consequences of inclusion of dopants into TiO 2 . 5 These confirm that the presence of metal or non-metal atoms within the bulk lattice of TiO 2 is responsible for the modification of the band gap and optical properties, by creating hole or electron states. However, there are major problems with such calculations, particularly the underestimation of band gaps and the inability to describe properly localised defect states in metal oxides. 6 Structurally well-defined heterometallic polyoxotitanate (POT) cages of the type [Ti x O y (L) z M n X m ] [where M is a dopant ion, L = an organic anion (e.g., OR), and X is an inorganic anion (such as a halide)], can be regarded as ligand-stabilised fragments of the metal-doped TiO 2 and their study by singlecrystal X-ray diffraction provides another approach to understanding host-guest behaviour in this area. (2)) (see Experimental section). In this case it was found that the product ratio of cages 3 to 4 depended on the dryness of the EtOH solvent. If 95% EtOH is used as the solvent then more of 4 is generated. This is presumably a consequence of the greater water content of the solvent which results in a higher condensation ratio of 4 (Ti : O oxo = 1.43) compared to 3 (Ti : O oxo = 1).
The new cages 2, 3 and 4 can be separated manually under a microscope. Although they were isolated in air from the autoclaves, the compounds were stored under nitrogen in a glove box to prevent hydrolysis of the potentially reactive Ti-OEt bonds. Compounds 2 and 3 were fully characterised using a combination of elemental (C, H) analysis, IR spectroscopy, Fig. 3 ). The unexpected presence of a potassium ion in the structure of 5 is explained by the way in which commercially-supplied Mn(AcO) 3 ·2H 2 O is prepared, by the oxidation reaction of Mn(AcO) 2 The single-crystal X-ray diffraction (XRD) studies of 2 and 3 reveal the same roughly spherical arrangement for both (Fig. 1a ) (see Experimental section for crystallographic details). The structural arrangements are identical to that found for the previously reported cage 1, the only crystallographic difference being that 2 and 3 readily refine in the more symmetric I42m space group rather than as a merohedral twin in I4 reported for 1, 8 which lead to no improvement in the refinements of 2 and 3. A phase change between the temperatures of the data collections of 2 and 3 (180(2) and 150(2) K, respectively) and that for 1 (90(2) K) 8 would account for this difference but was not investigated further in our study. 1b) and differ only in the extent of protonation of the O-atoms of the cores (with two OH groups in 2 and one in 3). The presence of exclusively six-coordinate Ti in 2 and 3 is in common with the main polymorphs of TiO 2 . 12 As a result of the symmetry of the cages, the OH groups present in both of the cages could not be identified from the X-ray structures, however, the solidstate IR spectra of both cages contain weak O-H stretching bands. The Fe/Ga : Ti ratio of 1 : 14 found in both cages is confirmed by Energy Dispersive X-ray Spectroscopy (EDS) which shows typical ratios of Ga and Fe : Ti of 1 : 13.2 for 2 and 1 : 14.3 for 3 (ESI, section ESI-1 †).
The formal oxidation states of the central Fe and Ga atoms in 2 and 3 were initially investigated using bond-valence sum (BVS) calculations (ESI, section ESI-4 †). 13 These show that the 16 For completeness a BVS calculation on the Mn cage 1 was also undertaken, giving a valence of 1.94 for the Mn centre (ESI, section ESI-4 †) and adding further support to the previous assignment of the oxidation state made on the basis of bond length analysis and X-ray Absorption Near-Edge Structure (XANES) spectroscopy. 8 A peak-fitting analysis of the XPS spectrum of 1 as part of the current study also indicates the presence of Mn II (ESI, section ESI-8 †).
The other species isolated from the reaction of GaCl 3 with Ti(OEt) 4 , the cage [Ti 14 O 20 (OEt) 20 (GaCl) 2 ] (4), has a centrosymmetric arrangement containing a Ti 14 Ga 2 metal stoichiometry, in which the two GaCl units lie on either side of the core at the periphery of the cage structure (Fig. 2a) 
Band gap determination
We first assessed the bulk purity of 1, 2 and 3 and their stability to atmospheric hydrolysis by obtaining the powder XRD data on freshly prepared, purified samples and comparing these to samples that had been exposed to air for prolonged periods. Our previous experience of metal-doped POT cages is that they can vary greatly in their stability to hydrolysis and, indeed, they decompose hydrolytically to give metal-doped TiO 2 , often with retention of the stoichiometry present in the original POT cages. 7 The presence of metal-doped TiO 2 contamination would seriously affect the reliability of band gap determination derived from UV-visible optical reflectance spectra, potentially leading to underestimation of the band gaps.
Representative powder XRD data for 1 (as prepared using the literature procedure), 8a 2 and 3 are shown in Fig. 4 . All powder XRD spectra were obtained in air with no special hand- ling procedures being employed. While samples of the Fe cage 2 can be obtained in high purity (Fig. 4b) Fig. 4b ).
The UV-visible diffuse reflectance spectra of freshly prepared samples of solid 1, 2 and 3 are shown in Fig. 5 at their absorption edges. This is associated with the O→Ti charge transfer transition in their Ti x O y cores, from which the band gap of the POT cages can be determined. In order to allow direct comparison of the calculated band gaps with that previously reported for 1, 8a the same method of analysis was employed in which the band gap is estimated directly by extrapolation of the absorption edge data to the energy axis. 8 This is shown for 1, 2 and 3 in Fig. 6 , from which we estimate the band gap of 1 to be 3.36 eV, for 2 3.22 eV and for 3 3.57 eV. The band gap we obtain for 1 is therefore around 0.7 eV higher than reported previously. 8a In order to provide a comparison of these band gaps with a similarly-sized undoped POT cage and to give an estimate of the errors involved, we also determined the band gaps of [Ti 16 32 ] (second from bottom) and the experimental powder XRD data for a fresh, manually-purified sample of 1 (bottom) (the peaks marked # are those for 1), (b) the calculated powder XRD spectrum of 2 (top), the experimental powder XRD data for a fresh, manually-purified sample of 2 (middle) and after prolonged air exposure (24 h) (bottom), (c) The calculated powder XRD spectrum of 3 (top), the calculated powder XRD spectrum of 4 (middle) and the experimental powder XRD data for a fresh sample of 3 (bottom) (the peaks marked # are those for 3).
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This journal is © The respectively). 20 The optical behaviour of the Mn II cages 5 (see Fig. 7 , red trace) is unusual compared to the other cages in that its UVvisible spectrum contains an additional minor absorption band at ca. 375 nm, which is responsible for the absorption edge reaching well beyond that of 1, 2 and 3 and into the visible region (up to ca. 500 nm There is therefore the possibility of an allowed valence band ( p-O) → metal (d-Mn) charge transfer transition. Importantly, however, only the higherenergy band at 275 nm is observed in the UV-visible spectrum of a saturated solution of 5 in EtOH, with no sign of the minor band at 375 nm (see ESI, section ESI-6 †). This shows that the low-energy band is not in fact an intrinsic feature of the electronic structure of the cage but arises from an extrinsic impurity. Indeed, further experiments showed that during its synthesis, crystalline 5 is generated along with a finely-divided amorphous powder which it appears can never be fully separated from 5, despite repeated washing of the crystals with EtOH. Fig. 7 also shows the UV-visible spectrum of this amorphous material (blue trace). It is clear that the minor absorption at 375 nm in the UV-visible spectrum of 5 matches the spectrum of the impurity at its absorption edge exactly. The insert to Fig. 7 (top right, red trace) shows the experimental determination of the band gap components of crystalline 5, as isolated from the reaction mixture and washed repeatedly with EtOH. There are two apparent band gap components which arise from 5 and the impurity phase; a higher band gap component of 3.56 eV which is due to 5 and a lower band gap component of 2.69 eV which is due to the impurity. Fig. 6 Determination of the band gaps in 1, 2 and 3 using direct analysis of the absorption edges, by extrapolation to the energy, (a) 1, (b) 2 and (c) 3. Fig. 7 The UV-visible spectrum of a freshly prepared crystalline sample of 5 (red) and of the finely-divided powder impurity present in the synthesis of 5 (blue). The insert shows the band gap determination of both components in 'as prepared' 5 (red trace) and in the impurity phase (blue trace) using the direct analysis of the absorption edge. The black lines are the statistical best-fit lines over the data range indicated. Note that the band gap of the shoulder in 5 is almost identical to that in the impurity.
Our assignment of the higher band gap component to 5 is also consistent with DOS (Density of States) calculations which show that the band structures of 1 and 5 are similar (see section 3 of this paper). The presence of a common impurity provides a plausible explanation for the underestimation of the band gap of 1 (2.65 eV) 8a No direct information on the composition of the impurity present in 5 could be obtained from powder XRD analysis since it is amorphous (see ESI, section ESI-6 †). However, it probably contains a range of inorganic and residual organic components. One likely impurity in Mn II -doped POT cages (like 1 and 5) is Mn-doped TiO 2 , which has an almost identical literature band gap of 2.73 eV (for 0.06 wt% loading of Mn).
9,21
The presence of amorphous TiO 2 as a contaminant in 1 or 5 would not be surprising given that water of crystallisation is present in the Mn(AcO) 3 ·2H 2 O starting material, which would react readily with Ti(OEt) 4 to give TiO 2 . Support for this proposition is provided by a study of the deliberate hydrolysis of the previously described cage 1 using a 50 : 50 EtOH-H 2 O solution, followed by sonication and final calcination of the solids produced at 400°C to remove any organic residues. The material produced shows a significant reduction in the band gap compared to the original cage, with the direct analysis of the absorption edge giving a band gap of 2.69 eV (ESI, section ESI-7.1 †). 22 Powder XRD on this material shows that it contains TiO 2 in the anatase phase (Fig. ESI-7 .2 †) and EDS analysis indicates a ratio of Mn : Ti of ca. 6.2 : 100. This value of 
Theoretical calculations
Electronic band structures of the cages 1, 2 and 3, and both the major Ti 28 and minor Ti 27 components of 5 have been calculated using density functional theory (DFT). Although the Kohn-Sham eigenstates are at best a first approximation to one-particle energy levels and the calculated band gaps should therefore not be taken literally, they are often informative in providing qualitative understanding of the electronic structures of materials and of the trend in the band gaps. The projected density of states (DOS) of the cages calculated by the hybrid functional B3LYP using a double-ζ basis functions with one set of polarization functions (DZVP) are shown in Fig. 8 . The PBE functional has also been used, and we find that it gives similar projected DOS except for the expected smaller band gaps. Fig. 9(c) ] that does not affect the band gap since it does not mix with the valence band. The computed DOS of cage 1 is somewhat different from the work published previously in which a significantly smaller band gap of ∼2.5 eV was calculated, using a B3LYP functional and 6-31G basis set (which was apparently consistent with the measured band gap of 2.65 eV). 8a We notice, however, that in this previously reported DOS plot there are some unoccupied alpha spin states projected onto Mn 3d orbitals, while the high-spin Mn 2+ sextet should have fully occupied alpha 3d states. Despite the larger size of the two cage components of 5 and the presence of a K + ion, both cage components have very similar electronic structures to cage 1, as shown in Fig. 8(d) and (e) . Overall, the DOS calculations provide qualitative support for trend in the experimental band gap measurements and for the conclusion that all of the cages examined have similar band gaps.
Conclusions
We have shown that the interstitial cage arrangement originally found for the Mn II POT 1 can also support Fe II and Ga III ions at its centre, as illustrated by the formation of 2 and 3.
The trivalent cation of 3 is accommodated within the neutral cage arrangement by incorporating one instead of two OH groups in the host POT framework. The formation of an essentially isostructural series of cages which contain different dopant metal ions allows comparison of their optical properties, in the absence of major structural changes in the cage architecture. We conclude from band gap determinations that 1 does not have the very low band gap that has been reported of 2.65 eV but a much higher band gap of 3.38 eV. In addition, the replacement of Mn II by Fe II has no effect on the bandgap, while replacement with Ga III results in a small increase.
Based on the current results and on the measured band gaps of metal-doped bulk TiO 2 , metal-doped TiO 2 nanoparticles, and un-doped and metal-doped POT cages reported in the literature, a bar graph of the ranges of each class of material can be drawn (Fig. 9) . 23 We conclude that the range of values we are observing for metal-doped POT cages in the solid state is higher than that found for bulk metal-doped TiO 2 but overlaps with metal-doped TiO 2 nano-particles. It can be noted that the relative magnitudes of these band gaps makes intuitive sense in respect to the size regimes of the Ti x O y cores involved (i.e., ca. 5-20 nm for nanoparticles, ca. 0.5-1.0 nm for POT cages). Finally, our findings emphasise that great care should be taken in the measurement of the optical properties of metaldoped POT cages because of a combination of their hydrolytic sensitivity, 7f the fact that they are often formed together with other byproduct cages, 7f,33 and because of the potential presence of metal-doped TiO 2 as a low band gap contaminant. Autoclaves were charged with reactants under N 2 in a glove box. Although the crystalline products were isolated and manually separated from impurities in air, they were then stored under N 2 in a glove box (Saffron type α). Ethanol was dried by distillation over Mg. All chemicals were acquired from the Sigma-Aldrich Corporation. 5.1.1. Synthesis of 2. Titanium ethoxide (7.00 ml, 33.4 mmol), iron(II) sulfate heptahydrate (278.0 mg, 1.0 mmol) and anhydrous ethanol (7.00 ml, 120 mmol) were placed in a Titanium ethoxide (7.00 ml, 33.4 mmol), anhydrous gallium(III) chloride (281.3 mg, 1.0 mmol) and anhydrous ethanol (7.00 ml, 120 mmol) were placed in a teflon-lined autoclave and heated at 150°C for 72 hours. Cooling at 1°C per minute to room temperature gave block-shaped colourless crystals of 2 (0.08 g; 3.5% yield, with respect to GaCl 3 supplied). IR (4000-650 cm 
Crystallographic studies
Data were collected on a Nonius Kappa CCD diffractometer using Mo(K α ) radiation (λ = 0.71073 Å). The structures were solved and refined by full matrix least-squares on F 2 using SHELXTL programme. 24 All atoms with the exception of C and H were refined anisotropically. All four structures contain disordered ethyl groups. Ethyl groups were treated with similardistance (SAME) and similar U-restraints (SIMU). Disordered groups were split over two positions and refined with occupancy factors. The reflection data of 5 were truncated at 2θ = 45°due to the lower resolution of the weakly diffracting crystals. CCDC reference numbers CCDC 984451, 984452, 984453 and 984454 for 2, 3, 4 and 5, respectively (Table 1 ).
Theoretical calculations
DFT calculations were carried out using the freely-available program CP2 K/Quickstep. 25, 26 The 2s, 2p electrons of the C and O atoms, 3s, 3p, 3d, 4s electrons of the Ti, Mn and Fe atoms, the 3d, 4s, 4p electrons of the Ga atom, and 3s, 3p, 4s electrons of the K atom were treated as valence electrons. The basis sets are double-ζ basis functions with one set of polarization functions (DZVP). The plane wave cutoff for density expansion in reciprocal space was 280 Ry. The core electrons were represented by analytic Goedecker-Teter-Hutter (GTH) pseudopotentials. 27, 28 For the hybrid B3LYP functional, the density matrix was re-expanded in a small auxiliary basis set leading to massive speedup of the calculation of Hartree-Fock exchange (HFX), and a truncated Coulomb operator was used to compute exchange integrals. 29 The convergence criterion for wave function optimization was set by a maximum electronic gradient of 3 × 10 −7 and an energy difference tolerance between self-consistent field (SCF) cycles of 10 −13 . The geometry of each of the cages 1-4 was optimized using the BFGS minimizer. These settings have been used in previous publications to simulate the TiO 2 and POT cages with a good accuracy. [30] [31] [32] [33] Unrestricted Kohn-Sham formalism was used for the spin polarized cages 1, 2 and 4, while for the closed 
